The levansucrase gene (isxA) was cloned from the genomic DNA of Acetobacter xylinum NCI 1005, and the nucleotide sequence of the IsxA gene (1,293 bp) was determined. The deduced amino acid sequence of the IsxA gene showed 57.4% and 46.2% identity with the levansucrases from Zymomonas mobilis and Erwinia amylovora, respectively, while only 35.2% identity with that from Acetobacter diazotrophicus. The gene product of IsxA (LsxA) that was overproduced in E. coli coded for a polypeptide of molecular mass 47 kDa. The LsxA released glucose and produced polysaccharide from sucrose, the structure of which was analyzed by nuclear magnetic resonance spectroscopy and determined to be a /?-(2,6)-linked polyfructan. From these results, it can be concluded that the IsxA gene encodes A. xylinum levansucrase.
Introduction
Acetobacter xylinum (A. xylinum) produces various extracellular polysaccharides (referred as EPS), cellulose, and /3-(l,4) glucan with side chains including acetan, etc.
1 " 4 Tayama et al. 4 have reported that A. xylinum NCI 1005 produces water-soluble an acidic heteropolysaccharide when grown on glucose, which was tentatively designated polysaccharide AM-1. We have found that A. xylinum NCI 1005 has the ability to synthesize /3-(2,6) polyfructan, levan, as an EPS from sucrose. 5 Levan is produced from sucrose with levansucrase acting as a catalyst, and the existence of the levansucrase gene in many Gram-negative and -positive bacteria has been reported. 6 " 10 In this paper, we report the cloning of levansucrase gene (IsxA) from A. xylinum and its DNA sequencing. We also describe that an ORF encodes a 47-kDa protein and that the product of the ORF has activity that produce levan from sucrose. 
Materials and Methods

Bacterial strains and plasmids
The bacterial strains and plasmids used are described in Table 1 .
Growth conditions
A. xylinum NCI 1005 was available from Nakano Vinegar Co. Ltd. Fifty milliliters of a 72 hr seed culture of A. xylinum NCI 1005 was inoculated into a SYP medium (6% sucrose, 1% yeast extract, and 0.5% polypeptone in distilled water) and incubated in a shaking culture at 120 strokes/min at 28°C, while Escherichia coli (E. coli) cells were grown in Luria-Bertani (LB) broth 11 at 37°C on a rotary shaker. For selection of resistance marker, antibiotics (ampicillin, chloramphenicol, and streptomycin) were used at the concentrations of 100, 15, and 100 /x-g/ml, respectively.
Cloning of A. xylinum levansucrase gene (IsxA)
Genomic DNA was purified from A. xylinum NCI 1005, and was then partially digested with 5aw3AI. 3-7 kb DNA fragments were isolated from an agarose gel and ligated to BamHI-cleaved pKF3 vector 12 (Takara Shuzo Co., Ltd.). The ligated DNAs were introduced into E. coli TH2, which was then plated onto an LB medium with chloramphenicol (Cm, 15 /i-g/ml) and streptomycin (Sm, 100 /x-g/ml) to construct a genomic library. Approxi- mately 4000 clones were collected in 5 ml LB medium, and the cells were spread onto LB agar plate with 5% sucrose (LB(Suc)) containing Cm and Sm. After the plates were incubated at 37°C for 15 hr, they were further incubated at 4°C for several days to produce EPS. Since cells harboring a plasmid containing EPS synthase gene formed mucoid colonies with EPS production, it could be easy to find them. To confirm that the cells carried levansucrase gene, their sucrose-hydrolyzing activities were measured. Methods for preparation of crude enzyme and assay of sucrose-hydrolyzing activity are described in sections 2.5 and 2.6, respectively. EPS formed on plates were purified with following procedure; mucoid colonies were suspended into a little water and centrifuged for removing cells, and purified by the method described in the previous paper. 6 Nuclear magnetic resonance (NMR) spectra of EPS were obtained at 400 MHz for proton with a Bruker MSL400 spectrometer.
2.4-Sequencing of DNA
Plasmids were isolated from A. xylinum with Quantum Prep Plasmid Miniprep Kit (Bio-Rad Laboratories). The nucleotide sequence was determined by the dyeterminator method 13 with some specific primers using an ABI PRISM Big-Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin Elmer) and an ABI PRISM 310 Genetic Analyzer (Perkin Elmer).
Overproduction of IsxA
Two specific oligonucleotide primers (Primerl (PI): AAACC^TGGCCGGGCGGCTTTTTTTATGGG; Primer2 (P2): AAAAAGCTTTCAGGAATTCCATTC-TTTATTGGCGAA were designed on the basis of the nucleotide sequence determined. The PI and P2 primer contained Ncol and Hindlll sites, respectively. A 1.3-kb genomic DNA was amplified by PCR, then it was ligated to expression vector pTrc99A 14 to give pTrclsxA.
The plasmid was introduced into E. coli JM109. E. coli harboring pTrclsxA was grown in LB(Suc) medium with 100 /i-g/ml of ampicillin at 37° C until mid-logarithmic phase.
Isopropyl /3-D-thiogalactopyranoside (IPTG) was added to the cultures (final concentration 1 mM), and those were incubated continuously for 5 hr. After incubation, medium was removed by centrifugation (15000 x g), then pellets containing cells and EPS were resuspended into water. Cells and EPS were separated by centrifugation (7000 x g), and the cells were washed twice in 25 mM sodium phosphate buffer (pH 7.0). A part of the cells (25 /x-1) were aliquoted for sodium dodecyl sulfate polyacrylamide electrophoresis (SDS-PAGE) analysis, and rest of them were used for crude enzyme preparation as follows. The washed cells were sonicated in the same buffer and then centrifuged at 20000 x g for 60 min. The supernatants were used directly as a source of crude enzyme for measurements of levansucrase activity. The obtained EPS were also purified and analyzed by NMR spectroscopy.
Assay of levansucrase activity
Levansucrase activities were determined by measuring the generation of glucose (sucrose-hydrolyzing activity), since levansucrase released glucose with levan production. Twenty micro liters of crude enzyme was mixed with 180 /x-1 of 5% sucrose-50 mM sodium acetate solution (pH 4.5), and those were incubated at 30°C for given times. The glucose concentrations in the reaction solutions were determined Glucose CII test Kit WAKO (Wako Chemicals, Inc.).
The production of polysaccharide was confirmed by thin layer chromatography (TLC). Aliquots (2 //-I) of the reaction mixtures were applied onto a TLC plate (Silica gel 60, Merck). A chloroform-methanol-water (90 : 65 : 15, V/V/V) solvent system was used and spots were detected by heating the plate at 110°C for 15 min after splaying it with a solution of phenol and H2SO4 (phenol 3 g; cone. H 2 SO 4 5 ml; ethanol 95 ml).
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Results and Discussion
Cloning of A. xylinum levansucrase gene
To construct a genomic library, 3-to 7-kb DNA fragments from A. xylinum NCI 1005 were ligated to vector pKF3, and the ligated DNAs were introduced into E. coli TH2. From approximately 4000 clones, 22 mucoid colonies were obtained, and their sucrose-hydrolyzing activities were measured. Five clones with high hydrolyzing activity were selected as candidates. For EPS formation, these candidates were grown on an LB(Suc) with Cm and Sm, as described above. The structures of the EPS produced on the plates were analyzed by NMR spectroscopy and determined to be /3-(2,6) fructan, levan. Plasmids were prepared from the candidates, and their physical maps were constructed. The plasmids (pKAL3, 4, 5, 6, and 7) commonly contained a 2 kbp region, and pKAL7 containing 4.2 kbp insert was used as a template DNA for sequencing with dyeterminator method. 13 The nucleotide sequencing analysis showed that there were several possible open reading frames. A data base search with the FASTA program 15 for the ORFs showed that one of them had 57.4% and 46.2% amino acid sequence identity with the levansucrase genes from Zymomonas mobilis (Z. mobilis) 6 and Erwinia amylovora (E. amylovora), 7 respectively. Though A. xylinum and A. diazotrophicus are classified into the same genus, little similarity between the ORF and isdA (levansucrase gene of A. diazotrophicus) was observed (35.2%). 9 The ORF is composed of 1,293 bp encoding a protein of 430 amino acids (Fig. 1) . At 11 bp upstream from an ATG initiation codon, a similar sequence (ATGGGA) with an E. coli ribosomal binding site has been found. 16 The amino acid sequence deduced from the nucleotide sequence was 430 residues with a molecular mass of 47 kDa. Thus, we designated the ORF as IsxA. Figure 2 shows the multiple sequence alignment of levansucrases from Gram-negative and -positive bacteria. The regions conserved in the four Gram-negative levansucrases (lined and numbered from 1 to 10) and those presented in both the Gram-negative and -positive bacteria (boxed and numbered I to VIII) exist in the deduced amino acid sequence of LsxA. 6 ' 7 ' 9 Like the levansucrases from Z. mobilis (LsmZ(Lsc)) and E. amylovora (LsaE(LevU)) having no amino-terminal signal peptide, the N-terminal conserved region WT(R/I)ADA(L/M) of LsxA was very close to the initiation codon. Hernandez et al. have reported that A. diazotrophicus secretes levansucrase (LsdA) by a signal peptide-dependent pathway, 17 which could suggest that LsxA is secreted via a different pathway from that of LsdA. The amino acid at position 313 (Fig. 2) near the conserved region VII in LsxA, which is thought to be a key amino acid that affects the polymerase activity of levansucrase, 18 is a Histidine (His) residue like other Gram-negative levansucrases that had the low polymerase activities. This suggests that the levansucrase from A. xylinum is similar to those from Gram-negative bacteria, particularly, Z. mobilis and E. amylovora. In TLG analysis of a reaction mixture incubated LsxA with sucrose (Fig. 3) , however, the existence of levan with high molecular weight was observed. Main products of levansucrases with low polymerase activity from Gram-negative bacteria were fructo-oligosaccharides, 9 and the result of TLC analysis suggested that LsxA had high polymerase activity. This means that LsxA from A. xylinum could be a new type of levansucrase.
Overproduction of LsxA
In order to overproduce LsxA, isxA gene was amplified by PCR, and the plasmid pTrclsxA that allowed IPTG-inducible production of the LsxA protein was constructed. Overproduction of a protein with a molecular mass 47 kDa was confirmed by SDS-PAGE of the total cell extracts (Fig. 4) , and this value corresponded to the estimated molecular mass of LsxA.
Assay of levansucrase activity
To confirm that IsxA encodes levansucrase, sucrosehydrolyzing activity of the crude cell lysate overproducing LsxA was measured. An analysis of cell extracts demonstrated that a sucrose-hydrolyzing activity was detected in cells harboring pTrclsxA, while no such activ- Reaction time (h) Figure 5 . Sucrose-hydrolyzing activity in cell extracts prepared from E. coli JM109 harboring control vector pTrc99A(D) and pTrclsxA(B).
ity was detected in the corresponding extracts prepared from cells harboring pTrc99A without IsxA (Fig. 5) . The specific activity of the crude lysate from cells harboring pTrclsxA was about 15-fold higher than that from cells harboring pTrc99A. The structure of the EPS produced was analyzed by ^-N M R spectroscopy and determined to be /?-(2,6) polyfructan. In TLC analysis of the reaction mixture, the amount of polysaccharide (levan) and glucose increased with the consumption of sucrose (Fig. 3) .
From the results of SDS-PAGE, sucrose-hydrolyzing activity, and the structural analysis of the polysaccharide by NMR spectroscopy, we have concluded that the ORF designated as IsxA encodes levansucrase in A. xylinum.
